I have mapped the regions of simian virus 40 (SV40)-encoded large tumor (T) antigen that remained associated with origin-containing SV40 DNA after digestion with various concentrations of Pronase E, a nonspecific protease.
Immunoaffinity-purified, labeled T antigen was bound to SV40 DNA-cellulose and treated with Pronase E. A "core" region representing amino acids 140 to about 281 was identified by peptide mapping in the fraction that remained bound to the DNA-cellulose after treatment with a high (135 ,Ag/ml) concentration of enzyme. This region corresponds to the DNA-binding domain of the protein molecule. After treatment with Pronase E at 66 ,ug/ml, the bound fraction consisted of the DNA-binding domain and a region that extends to residue 371. This larger protein segment binds more stably to the viral DNA than does the core by itself. At lower concentrations of Pronase E, additional sequences from the NH2-terminal region of T antigen and from the COOH-half of the molecule were observed in the bound fractions. Linear maps of resistant regions, generated for each concentration of protease used, provide information about the geometry of the protein molecule associated with the DNA. I suggest that regions that are easily cleaved by the protease are exposed in the DNA-protein complex, whereas those that remain bound to the DNA at increasing concentrations of the enzyme represent segments that are in progressively closer proximity to the viral DNA origin.
The mechanism by which simian virus 40 (SV40) large tumor (T) antigen binds to DNA is not understood. Two protein structures have been described in the literature that correspond to DNA-binding domains. The first, a DNA-binding motif consisting of helix-turn-helix, is very common in a number of sequence-specific DNA-binding proteins including the bacteriophage A Cro and repressor proteins and the bacterial catabolite gene-activator protein (CAP) (1) . Specific a-helices of these proteins interact with the major groove of the DNA. Second, DNA binding has been associated with a structure called a "Zn2+ finger," which consists of two cysteine and two histidine residues separated by a loop of up to 30 residues and binding a centrally located zinc ion (2) (3) (4) . Two or more Zn2+ fingers are thought to be involved in the binding to the DNA.
The DNA-binding region of SV40 T antigen has been identified by genetic (5-7) and biochemical (8) methods. The central region probably starts near residue 140 (6) and extends to about 259 (9) , although other important sequences may extend to 371 (5, 8) . No apparent sequence similarity with prokaryotic helix-turn-helix DNA-binding proteins has been detected in this region, but a putative Zn2+ finger exists between residues 302 and 320 (2) .
The DNA-binding domain recognizes the consensus pentanucleotide sequence GAGGC, which is present in multiple copies at and around the origin of replication in SV40 DNA (10) (11) (12) (13) . Binding to all four of these pentanucleotides in Tantigen binding region II is required for T antigen to initiate the replication of viral DNA (14) . Hence, four molecules of T antigen are involved in DNA replication. These protein molecules interact with the major groove of the DNA (11), and it is reasonable to speculate that protein-DNA and protein-protein interactions are necessary for the proper recognition of the origin.
In order to better understand the interaction between T antigen and SV40 DNA, the regions of the protein molecule that remain bound to the DNA after protease digestion have been mapped. The aim of the work described here was to identify the regions of T antigen that make strong, intermediate, and weak associations with the viral origin, and consequently to obtain some information about the spatial relation between T antigen and the viral DNA. The method described may be useful in the study of other DNA-binding proteins.
MATERIALS AND METHODS
Gel Retardation Assays. SV40 T antigen was purified by immunoaffinity chromatography using PAb419 monoclonal antibody essentially as described by Simanis and Lane (15) . The T antigen was extracted from Ad-SVR284-infected HeLa cells (16) as previously described (17) . pSVO + plasmid DNA, which contains a wild-type SV40 origin region (18) , was labeled with 32P by nick-translation and cleaved with restriction endonuclease Taq I. Fragment E (about 300 base pairs), which contains the origin, was purified by agarose gel electrophoresis and incubated with sufficient T antigen to completely bind the DNA fragment. The binding reaction was allowed to proceed in DNA binding buffer [20 mM NaH2PO4/0.15 M NaCl/0.1 mM EDTA/0.05% Nonidet P-40/3% (vol/vol) dimethyl sulfoxide/10% (vollvol) glycerol] for 1 hr at 23°C in the presence of competitor calf thymus DNA (5 ,ug/ml). In some samples, the complex was digested with Pronase E (Sigma protease type XIV, preincubated for 1 hr at 37°C) for an additional hour at 23°C. This was immediately followed by electrophoresis in a 5% acrylamide gel as described (19) .
DNA-Cellulose Chromatography. DNA-cellulose was prepared exactly as described (8) . A mutant SV40 DNA (evllO3) containing five to seven replication origins in tandem was used to prepare the multiorigin SV40 DNA-cellulose. All DNA columns contained a ratio of 1. (20) . Tryptic peptides were separated in two dimensions on thin-layer cellulose plates as described (21) . For gel electrophoresis, the fragments were resuspended in gel sample buffer and subjected to NaDodSO4/PAGE as described (8) .
RESULTS
Digestion of T-Antigen-DNA Complexes with Pronase E. I first determined the proper conditions for cleaving the exposed parts of the T-antigen molecule in the DNA-protein complex while preserving the association of the binding region with the DNA. Immunoaffinity-purified unlabeled T antigen was incubated with a 32P-labeled SV40 DNA origin fragment and then digested with various concentrations of Pronase E, a nonspecific protease. The sizes of the DNAprotein complexes were analyzed by electrophoresis in nondenaturing 5% acrylamide gels (Fig. 1) . The uncleaved T-antigen-DNA complex migrated very close to the top of the gel (A in Fig. 1 , lane 2), but after Pronase E treatment, the complex moved substantially into the gel (B in Fig. 1 , lanes 3 and 4), although not as far as free DNA (Fig. 1 , lane 1). At high concentrations of Pronase E (Fig. 1 , lanes 5 and 6), the complex fell apart. Although similar observations were made when other proteases (notably Staphylococcus aureus V8 protease and chymotrypsin) were used, Pronase E gave the most consistent results. It was thought that the intermediate concentrations of Pronase E used in these experiments might be useful in mapping the regions of T antigen that are still attached to the DNA after protease digestion.
Specific Regions of T Antigen Remain Bound to SV40 DNA after Pronase E Digestion. The most effective approach to map DNA-connected regions of T antigen was by DNAcellulose chromatography. T antigen was labeled in vivo with 1 2 3 4 5 6 9,-
[35S]methionine and purified by immunoaffinity. Multiorigincontaining SV40 DNA was bound to purified cellulose, where it served as an affinity matrix for T antigen. The labeled T antigen was passed over the columns; the columns were extensively washed and the cellulose was incubated with Pronase E at concentrations determined in the gel retardation experiment. After a subsequent wash step, any T-antigen fragments that were still bound to the columns were eluted with buffer containing 1 M NaCI. The origin of the fragments on T antigen was determined by two-dimensional fingerprinting of tryptic peptides on thin-layer cellulose plates (21) . This identification was possible because previous work had provided a detailed linear map of methionine-containing tryptic peptides of this protein (8) .
It was first important to show that the Pronase E-resistant fragments that were eluted from the column with high salt were due to the association of the protein with the origin region of the viral DNA. Consequently, this experiment was performed with a control column not containing any DNA, with a column containing calf thymus DNA, and with a multiorigin SV40 DNA column. Fig. 2 (1 M NaCl lanes) shows that no fragments were eluted from the DNA-free column after Pronase E digestion and that although a few fragments could be recovered from the column containing calf thymus DNA, substantially more labeled fragments were bound to and could be eluted from the SV40 DNA column. It was concluded that the majority of these eluted fragments originated from T antigen that had bound specifically to the viral replication origin.
It should be noted that the T-antigen fragments that were retained on the SV40 DNA-cellulose column after the Pronase E step (Fig. 2, 1 M NaCl lanes) did not appear in the fraction that was washed from the column (Fig. 2, wash  lanes) . Consequently, the 38-, 30-, and 14-kDa fragments, which were found mainly in the high-salt eluate, represent a unique class of fragments that were specifically retained on the DNA-cellulose.
Mapping [35S]Labeled T antigen was passed through a control (no DNA) cellulose column (C), a cellulose column containing calf thymus DNA (CT), or a column containing multiorigin SV40 DNA (SV). The columns were washed extensively and the cellulose was incubated with Pronase E (66 ,ug/ml) for 1 hr at 23°C. Fragments that were released from the columns under those conditions were recovered by trichloroacetic acid precipitation and applied to the gel (wash lanes). After additional wash steps, the fragments that remained bound to the columns were eluted with 1 M NaCl-containing buffer, precipitated with trichloroacetic acid, and applied to the gel (1 M NaCl lanes). Proc. Natl. Acad. Sci. USA 85 (1988) various amounts of Pronase E. After a subsequent wash to remove unbound fragments, the bound fragments were eluted with high-salt buffer and treated with trypsin, and the resulting tryptic peptides were separated in two dimensions on thin-layer plates. No effort was made to first separate the fragments from one another on acrylamide gels, since it was important to analyze the entire fraction. However, compatible results were obtained when specific gel-purified fragments were analyzed (data not shown).
The fingerprints of the eluted fragments are shown in Fig.  3 . When the T-antigen-DNA complexes were treated with Pronase E at 135 pug/ml, the bound region yielded a simple fingerprint consisting of T-antigen peptides 15, 19, and 20 (see Fig. 4) . A nearly identical fingerprint was obtained from a 16-kDa tryptic fragment (8) that maps from residue 131 to 281. With Pronase E at 66 pug/ml, the high-salt fraction generated a fingerprint that is essentially identical to that of a tryptic 30-kDa fragment mapping from 131 to 371 (8) . As the concentration of Pronase E was lowered, additional sequences could be identified in the bound fractions. In particular, with Pronase E at 33 /Lg/ml, three peptides from the NH2-terminal region (M, N, and 3; see Fig. 4 10 20 region). Since the COOH-terminal end of T antigen is missing from all of these protected fractions (see below), it is very unlikely that peptide 3 in this sample originated from residues 615-616. After treatment with the enzyme at 10 pug/ml, the fingerprint contained two additional peptides (S and 18) from the NH2-terminal region, corresponding to residues 68-130 and possibly to residues 62-67, respectively. At still lower concentrations, the DNA-associated fraction also contained sequences from the middle of the molecule (peptide 8, see Fig. 4 ) and further downstream (peptide 5). The summary of these results is depicted in Fig. 4 . A map of the methionine-containing tryptic peptides of T antigen is shown at the top of the figure (8) . Also shown are maps of three previously studied tryptic fragments to which the high-salt-eluted fragments are compared. The regions that are still bound to the DNA at various concentrations of pronase E are shown in the lower part of the figure.
DISCUSSION
This work has identified a "core" region of SV40 T antigen that remains bound to SV40 DNA in the presence of Pronase E at 135 ,ug/ml. This core region most likely represents a 14-kDa fragment that is observed in the resistant fraction at this concentration of enzyme (data not shown, but see E (135, 66, 33, 10, and 2 ,g/ml, as indicated). After extensive washing, the bound fragments were eluted with buffer containing 1 M NaCI, precipitated with trichloroacetic acid, and exhaustively digested wih trypsin. The tryptic peptides were separated by two-dimensional electrophoresis and chromatography on thin-layer cellulose plates. Peptide spots are identified by number or letter (see Fig. 4 and ref. 8 ). Fig. 3 . The top part of the figure depicts a linear map of the methionine-containing tryptic peptides of SV40 T antigen (8) , as well as map positions for some partial tryptic fragments alluded to in the text. and fingerprint pattern of the core, it is estimated that it extends approximately from residue 140 to 281, although the COOH-terminal end of this protected core could extend to residue 290. The last methionine-containing tryptic peptide in the core is peptide 20, which maps from residues 272 to 281; the next methionine is at residue 291. Since no additional methionine peptide is apparent in the fingerprint of the core region, the COOH end of this region lies between residues 281 and 290.
The resistant core described above probably defines the minimal domain that, under these conditions, makes a quasistable complex with SV40 DNA. In Fig. 1, it (5) (6) (7) 9) .
In contrast, the region of T antigen that remains bound to SV40 DNA in the presence of Pronase E at 66 ,ug/ml appears to make a much more stable complex with DNA. This region extends approximately to residue 371 (Fig. 4) (26) and the COOH-terminal 80-100 amino acids, which have been shown to be dispensable for DNA-replication functions (24, 27) . Other protease-sensitive regions, such as most of the sequences between residues 21 and 52 and others closer to the COOH-terminal end (Fig. 4) , may be largely exposed in the T-antigen-DNA complex. The same regions may also be accessible to protease digestion in the native protein alone.
The approach described in this study may be useful in mapping the topography of other DNA-protein complexes.
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